A voltammetric method for the evaluation of the microbial growth using platinum microelectrodes is proposed.
Introduction
Microbial biomass is one of the most important The access to on-line and real-time biomass is of critical importance in bioprocesses monitoring, in order to control and optimise the cultivation process. For this purpose, optical techniques such as near-infrared spectroscopy demonstrated to be more suitable than turbidimetry [2] . Sensors and probes of different nature are also being developed [3] .
Electrochemical techniques are known to be rapid, accurate and inexpensive and electrodes can be designed in order to be selective and have high mechanical stability even under harsh environmental conditions. Indeed, electrochemical methods have been applied to microbial biomass evaluation after the work of Richards et al. [4] . The release of ionic metabolites to the growth medium was monitorized by conductivity or impedancimetry and the variation of these signals was related to cellular growth and biomass [1] .
Reported potentiometric methods were based on the detection of either molecular hydrogen produced by bacteria [5] or lipoic acid, which was provided to microbial cultures [6] . The potentiometric pH sensor has also been used as a way of controlling the addition of acid or basic titrants to attain constant pH. The amount of added titrants was used as a measure of the acids / bases generated from the metabolic activity of yeasts and provided an indirect measure of the biomass [7] . Direct pH measurements are not usually used to assess the concentration of acids or bases due to the complexity of the culture media composition and cellular metabolism. Besides the weak acids and bases used in the culture medium preparation, others can arise from cellular metabolism, resulting in a buffer system highly intricate and in such condition pH measurements do not track the concomitant variation of acid concentrations related to microbial growth.
Amperometric methods using both different potential techniques and electrode materials were described [1] , reporting the direct oxidation of cells using either bare carbon electrodes [8, 9] or modified electrodes [10, 11] . The electron transfer between cells and the electrodes was facilitated by the physical placement of microbial cells at the electrode proximity. This can be achieved by different procedures involving either concentration of the cell suspensions [9, 11] or adsorptive steps prior the measurement [12] . The use of redox mediators added to the cell culture was also described [13, 14] .
In this work, we report a new electroanalytical method for microbial growth evaluation, which is based on the voltammetric cathodic currents of platinum microelectrodes in the cell cultures. The electrode surface was not submitted to any modification and measurements were carried out in a common two-neck flask with two electrodes.
Growth medium composition was selected in order to meet the requirements of the microorganisms and without addition of a mediator. Electrochemical measurements were performed directly in cell culture samples without making any preconcentration or dilution. Cells were grown in 500 mL Erlenmeyer flasks in a void volume of half of the total flask volume with mechanical shaking (120 r.p.m.) at 26ºC.
Experimental

Microorganism and growth conditions
Measurement of growth and determination of cell numbers
Growth was monitored through the increase of absorbance measured at 640 nm, A 640nm , (Spectronic 21, Bausch & Lomb). The number of cells of C.
utilis was determined through direct counting in a Neubauer chamber.
Sample preparation for voltammetry
Voltammetric assays were performed in 5 mL 
Equipment
Measurements were performed using a potentiostat cm 2 s -1 [16] . All current intensity data correspond to the average of at least five determinations. In plots the error bars are not visible due to the high reproducibility of data. voltammetric signals were deviated towards more negative potentials (approximately 14 mV for E P and 20 mV for E 1/2 ). Simultaneously, peak tended to be tighter in relation to its height and the wave |E 3/4 -E 1/4 | value decreased about 10 mV.
Results and Discussion
Characterization of the
The direct proportionalities obtained for current intensities, I P (SWV) and I L (LSV), against the dilution factor (Fig. 3-A) proportionality was also observed between current intensities (I P and I L ) and absorbance ( Fig. 3-B 
Monitoring the growth of Candida utilis
The growth of the yeast C. utilis was followed by voltammetric and optical measurements. Indeed, all the experimental data fitted this correlation except the three last points where current intensities seemed to increase less than the corresponding absorbance values. , where x 0 and x are the cell mass in time 0 and t, respectively [17] . Thus, a plot of ln x versus t is linear with the slope being µ max . (Table   1) .
Identification of electroactive species released by cells during growth
Considering the potential values of E 1/2 or E P and the acidification of the medium during the growth of C. utilis it can be inferred that the electroactive species are acids generated by the metabolic activity of the cells, as a similar range of potential was reported for the electrochemical reduction of acids with platinum microelectrodes [18, 19] .
Voltammetric responses of hydrogen ion as well as carboxylic acids can occur at very close potentials, depending on the strength of the weak acid [18, 19] .
Reduction of protons from the dissociation of weak acids occurs via a CE mechanism with a fast chemical reaction for acids with dissociation constants larger than 1x10 -6 , displaying a limiting current controlled by the diffusion of the acid [19, 20] .
Extracellular medium acidification in cell cultures of microorganisms has been associated with growth processes and the cell metabolic activity was recognized as its main origin (see references in [7] ).
Several processes can contribute to this acidification, such as production of CO 2 and carboxylic acids and the assimilation of nitrogen.
Studies in growing cultures of C. utilis [7] , Saccharomyces cerevisiae [22] and Escherichia coli [21, 23] demonstrated that the nitrogen assimilation pathway is the most important process for the overall acidification, when ammonium ions are used as nitrogen source [7, 21, 22] . In batch and chemostat cultures of microorganisms, biomass formation rates were assessed by means of the amount of added titrant to a constant value of pH [7, [21] [22] [23] . This method relies upon the accuracy of pH data obtained from glass electrodes immersed in the cell culture. As the pH is a measure of hydrogen ion activity its mean in terms of proton concentration depends on the composition similarity between culture media and standard solutions used for calibration. Besides, the variation of medium composition during cell growth can affect either ion strength or liquid junction potentials that are incorporated in potentiometric data, making pH measurements meaningless. [24] . Furthermore, the proposed method can be especially advantageous as voltammetric measurements are immune to the samples turbidity associated with the presence of suspended material or gas bubbles, which can happen during biotechnological processes.
Research is currently being conducted in order to extend this method to a wider range of experimental conditions. Experiments with either different microorganisms or carbon sources will be performed since different microbial metabolic species can be produced, which might interfere with the electrochemical signal.
